Soybean, one of the important food crops, is prone to being damaged by a variety of pathogens, including fungi, bacteria, viruses as well as plant-parasitic nematodes. The soybean cyst nematode, *Heterodera glycines*, is a more important pathogen (plant-parasitic nematode) than other pathogens since it can cause serious damage to soybean plants ([@b1-ppj-35-654]; [@b11-ppj-35-654]); Economic loss caused by *H. glycines* was estimated to be over \$30,000 in Arkansas only in 1972 ([@b18-ppj-35-654]). In China, an economic loss of over \$120 million ([@b15-ppj-35-654]). Hori described the symptom caused by *H. glycines* on soybean as "yellow dwarf" or moon night disease in 1915, and Ichinohe identified it as *H. glycines* in 1952 ([@b20-ppj-35-654]). *H. glycines* is present in many producing soybean countries ([@b20-ppj-35-654]), such as Korea, Japan, China, USA, Canada, Egypt, and Taiwan ([@b5-ppj-35-654]; [@b8-ppj-35-654]; [@b20-ppj-35-654]; [@b26-ppj-35-654]; [@b29-ppj-35-654]; [@b31-ppj-35-654]). Major host of *H*. *glycines* is fabaceous (Fabaceae) as well as non-fabaceous hosts (Boraginaceae, Brassicaceae, and Lamiaceae, among others), and weeds ([@b14-ppj-35-654]; [@b20-ppj-35-654]).

In the past, morphological characters have been used mainly for the identification of *H. glycines*. After discovery of *H. schachtii* on Chinese cabbage in high land in 2011, *H. trifolii* on Chinese cabbage in 2017, and *H. sojae* on soybean in 2016 which are all belong to schachtii group are discovered. However, the morphological diagnosis of the *Heterodera schachtii* sensu stricto group, which includes *H. glycines*, *H. schachtii*, and *H. trifolii*, is very difficult due to their similarity. Furthermore, a long time is required to master the skills necessary for nematode identification, moreover this process is not possible when the nematodes are mixed in the field ([@b16-ppj-35-654]). To overcome these difficulties, molecular identification techniques, such as restriction fragment length polymorphism (RFLP) based on polymerase chain reaction (PCR) and PCR using species-specific primers or sequence characterized amplified region (SCAR) markers, have been used since the year 2000 ([@b2-ppj-35-654]; [@b13-ppj-35-654]; [@b15-ppj-35-654]; [@b23-ppj-35-654]). Recently, research has been carried out in several countries on various diagnostic techniques for *H*. *glycines* using DNA barcode and quantitative PCR (qPCR); however, these techniques have not been studied in Korea ([@b27-ppj-35-654]; [@b30-ppj-35-654]). qPCR with species-specific primers can allow for the rapid diagnosis of *H. glycines* since the amplified results of the target sequences can be confirmed in real time and because the electrophoresis of PCR products is not necessary. Therefore, the aim of this study was to develop a new species-specific primer set for the qPCR assay of *H. glycines*.

Materials and Methods
=====================

Nematode samples and DNA preparation
------------------------------------

Twelve populations of four species cyst nematodes (*H. glycines*, *H. sojae*, *H. schachtii*, and *H. trifolii*) were obtained from the cities of Sejong, Taebaek, Jeongseon, Cheonan, Seosan, and Mooan and the National Institute of Agricultural Sciences ([Table 1](#t1-ppj-35-654){ref-type="table"}). The cysts of these twelve populations were extracted using 20 and 60 mesh sieves ([@b3-ppj-35-654]), respectively. The cyst samples were labeled with code names as follows: *H. glycines* (code: 392, 100, 310), *H*. *schachtii* (code: 147, 408, 166), *H. trifolii* (code: 137, 524, 059), and *H. sojae* (code: 753, 320, 407). The DNA preparation of the nematode samples were carried out according to Iwahori's methods ([@b9-ppj-35-654]), with some modifications. Distilled water (autoclaved, DNase, RNase free) was dropped onto a glass slide (76 × 52 mm^2^) using a pipette and single cyst was transferred to the distilled water on the slide. A single cyst was crushed using a filter-paper chip (1 × 1 mm^2^) with forceps. The shell of the cyst was removed and the internal eggs of the cyst were rubbed with a new filter-paper chip. The chip was then transferred to a 0.2 ml PCR tube including 30 μl of lysis buffer (autoclaved triple distilled water, 1 M Tris-HCl, 10% Triton-X 100, 100 μg/ml proteinase K, 2 M KCl, 1 M MgCl~2~). The PCR tube was then placed in a PCR cycler (PTC-200, MJ Research, Alameda, CA, USA) for lysis reaction and incubated for 30 min at 60°C and 10 min at 94°C. After the lysis reaction, the DNA samples were measured using a nanodrop (Nano-200, Allsheng, Hangzhou, China). The DNA preparation of a single second-stage juvenile (J2) was also used with the above methods, except that 10 μl of lysis buffer was used.

Species-specific primer design
------------------------------

The sequence dataset of mitochondrial DNA cytochrome c oxidase subunit I (*CO*I) of twenty *Heterodera* species was obtained from the National Center for Biotechnology Information ([Table 1](#t1-ppj-35-654){ref-type="table"}) and the dataset was aligned using the Mega 7.0 program ([@b12-ppj-35-654]) to design a specific primer set for *H. glycines*. The 3′-end sequence of the forward and reverse primers was designed with a species-specific sequence found only in *H. glycines* compared to the other *Heterodera* species ([@b19-ppj-35-654]). As a result, the forward primer HGF1 (5′-GGTTTAGTTAGATTAACTATC-3′) and reverse primer HGR1 (5′-TAGTAGCTGCACTAAAATAC-3′) were selected from the dataset ([Fig. 1](#f1-ppj-35-654){ref-type="fig"}).

qPCR assay with species-specific primer
---------------------------------------

The qPCR assay was performed with a species-specific primer to verify the amplification of the target sequences for *H. glycines*. The reaction mixture composed of 10 μl of qPCR premix (TOPreal qPCR 2× Premix - SYBR Green with high ROX, Enzynomics, Daejeon, Korea), 7 μl of sterile distilled water (DNase, RNase free), 1 μl of template DNA, 20 pmol of forward primer, and 20 pmol of reverse primer. The reaction was conducted using a StepOne real-time PCR system (Applied Biosystems, Foster City, CA, USA) with the following reaction conditions: pre-denaturation for 5 min at 95°C, 40 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 56°C, and extension for 30 s at 72°C. The technical and biological replicates were carried out in triplicate, respectively. Melting curve analysis of the amplicon was performed by increasing the temperature from 60°C and to 95°C in step and hold manner (0.3°C) at the end of amplification. The qPCR products were confirmed using an electrophoresis system (Mupid-eXu, Advance, Tokyo, Japan) with the following conditions: 1× TAE buffer, 3% agarose gel, 100 V. The result was observed on a UV transilluminator (UVCI-1100, Major Science, New Taipei City, Taiwan).

qPCR assay with DNA extracted from single J2
--------------------------------------------

To confirm the amplification of DNA extracted from single J2 of *H. glycines* (code: 100), a qPCR assay was conducted with the developed species-specific primer set. The qPCR reaction mixture was composed of 10 μl of qPCR premix (TOPreal qPCR 2× Premix - SYBR Green with high ROX, Enzynomics), 7 μl of triple distilled water (DNase, RNase free), 1 μl of template DNA, 20 pmol of forward primer, and 20 pmol of reverse primer. Six biological replicates were carried out and a positive control was designed for the reaction using DNA extracted from a single cyst of *H*. *glycines* (code: 100). The reactions were performed with the same qPCR machine and conditions as above. The qPCR products were confirmed using a UV transilluminator (UVCI-1100, Major Science).

Sensitivity test of the primer set
----------------------------------

To confirm the detection limit of the template DNA of *H. glycines* in the qPCR assay, a sensitivity qPCR test with the primer set was performed. The template DNA (*H. glycines*) concentration was adjusted to 10 ng per μl by adding sterile distilled water to the DNA solution. The solution was diluted stepwise by 0.1-fold and DNA solution at five concentrations (10 ng, 1 ng, 100 pg, 10 pg, and 1 pg of DNA per microliter) was prepared. The PCR reaction mixture was composed of 10 μl of qPCR premix (TOPreal qPCR 2× Premix - SYBR Green with high ROX, Enzynomics), 7 μl of sterile distilled water (DNase, RNase free), 1 μl of template DNA (10 ng, 1 ng, 100 pg, 10 pg, and 1 pg per a reaction), 20 pmol of forward primer, and 20 pmol of reverse primer. The qPCR amplification and melting curve analysis were performed at the above qPCR assay conditions, and technical replicates were carried out in triplicates.

Results
-------

qPCR assay with species-specific primers
----------------------------------------

In this result, an SYBR fluorescent signal was only detected in the reaction mixture containing template DNA from *H. glycines* (code: 392, 100, 310), and their averaged Ct values were 31.31 ± 0.788, 26.71 ± 1.370, and 27.52 ± 2.204, respectively. However, the signal was not detected from the populations of three species, namely *H. schachtii* (code: 147, 408, 166), *H. trifolii* (code: 137, 524, 059), and *H. sojae* (code: 753, 320, 407), as well as the non-target control (NTC). As shown in the melting curve analysis presented in [Fig. 2](#f2-ppj-35-654){ref-type="fig"}, single peaks were observed at 76°C (min. 75.77--max. 76.38) in *H. glycines*. According to the electrophoresis results and the products obtained from the assay, a single expected fragment of 175 bp was observed in *H*. *glycines* (code: 392, 100, 310), but not for the other species or NTC ([Fig. 3](#f3-ppj-35-654){ref-type="fig"}).

qPCR assay with DNA extracted from single J2
--------------------------------------------

In this assay result, SYBR fluorescent signals were detected in all of the reactions (six biological replicates) using single J2 DNA, where the average Ct value was 30.03 ± 2.023 ([Fig. 4](#f4-ppj-35-654){ref-type="fig"}). The Ct value of the positive control (code: 100) was 24.86, and that of NTC was not determined because its signal was not detected. In the melting curve analysis, single peaks were observed at 76°C (min. 76.03--max. 76.54). Thus, this assay could be used for the identification of *H*. *glycines* using a single J2 in soil.

Sensitivity test of the primer set
----------------------------------

For the sensitivity test, using five different concentrations (10 ng, 1 ng, 100 pg, 10 pg, and 1 pg per reaction) of *H. glycines* template DNA ([Fig. 5](#f5-ppj-35-654){ref-type="fig"}), the SYBR fluorescent signal was detected in the reaction containing template DNA at four different concentrations (100 ng, 1 ng, 100 pg, and 10 pg). The averaged Ct values of the qPCR assay were 20.80 ± 0.129, 23.98 ± 0.212, 27.37 ± 0.105, and 31.31 ± 0.138, respectively (slope, −3.49; *R*^2^, 0.996; efficiency, 93.43%). However, an SYBR fluorescent signal was not detected in the reaction containing template DNA at a concentration of 1 pg or NTC (Ct value = undetermined). Thus, the detection limit was 10 pg per reaction.

Discussion
==========

Molecular biological techniques have been used to classify plant-parasitic nematodes since the year 2000. The RFLP technique with conventional PCR products, a molecular technique used for the identification of *H. glycines* ([@b2-ppj-35-654]; [@b13-ppj-35-654]; [@b23-ppj-35-654]), has become a tool for reporting newly discovered plant-parasitic nematodes ([@b28-ppj-35-654]; [@b33-ppj-35-654]). PCR with species-specific primers based on differences in the gene sequences of the targeted species has been used in many previous studies for the development of primers for Duplex PCR or SCAR markers in *H. glycines* ([@b15-ppj-35-654]; [@b21-ppj-35-654]). Recently, a qPCR assay that does not require electrophoresis of PCR products was used to discriminate between cyst nematodes (*Heterodera* spp.) due to the prevalence of a qPCR cycler ([@b7-ppj-35-654]). Differences in the internal transcribed spacer (ITS) rDNA sequence between *Heterodera* spp. were used for the identification of *H. glycines* using a qPCR assay in 2009 in a study by Goto et al. However, because the sibling species of *H. glycines* was found in a PCR-RFLP study based on the ITS rDNA region ([@b32-ppj-35-654]), this ITS rDNA region could not be used for the identification of the nematode. For this reason, a qPCR assay based on the differences of another gene sequence was developed to discriminate between the *Heterodera avenae* group species (*H. avenae*, *H. filipjevi*, and *H. latipons*) by targeting the *CO*I gene ([@b24-ppj-35-654], [@b25-ppj-35-654]). Several studies have adopted the *CO*I gene for the DNA barcoding of the Heteroderidae family ([@b17-ppj-35-654]; [@b22-ppj-35-654]; [@b27-ppj-35-654]). According to [@b22-ppj-35-654], the *CO*I gene is a powerful barcoding marker because each species of *Heterodera* has a unique sequence. Furthermore, the Consortium for the Barcode of Life proposed to barcode all known species according to the DNA sequence of the *CO*I gene ([@b4-ppj-35-654]). To the best of our knowledge, the *CO*I gene was used for the first time for the qPCR of *H. glycines*. Thus, our aim was to develop a qPCR assay with species-specific primers based on the differences of the *CO*I gene sequence.

In our study, a newly developed species-specific primer set (HGF1 and HGR1) showed a high species-specificity and amplification efficiency (slope, −3.49; *R*^2^, 0.996; efficiency, 93.43%). The high specificity of the primer set was confirmed by the absence of amplicons of other *Heterodera* species (*H. schachtii*, *H. trifolii*, and *H. sojae*). This amplification efficiency could not be compared with previous studies because the primary factor was the number of nematodes instead of DNA concentration ([@b25-ppj-35-654]). The sensitivity test showed that the detection limit of this primer set for *H. glycines* was 10 pg of DNA ([Fig. 4](#f4-ppj-35-654){ref-type="fig"}). Nevertheless, there was no problem identifying the nematode since the concentration of the DNA extracted from a single J2 in soil was consistently over 1 ng according to the experimental data (data not shown), and the DNA was amplified when we used this qPCR assay with the primer set ([Fig. 5](#f5-ppj-35-654){ref-type="fig"}). The Ct value (30.03 ± 2.023) of a single J2 was similar to that found by [@b6-ppj-35-654] (Ct value of a single egg, 30.9 ± 0.2).

Recently, the rapid diagnosis of plant-parasitic nematodes has become a necessity in the field of agriculture. The qPCR assay technique could be used to meet this requirement. If we extract the cyst DNA using a soil compactor, as described by [@b6-ppj-35-654], the time taken to diagnose *H. glycines* would be shorter. To be able to rapidly diagnose crop damage caused by other plant-parasitic nematodes, qPCR assays should be developed continuously in the future. On the other hand, a white soybean cyst nematode (*H. sojae*) was newly recorded in a Korean soybean field ([@b10-ppj-35-654]). [@b10-ppj-35-654] distinguished *H*. *sojae* from *H. glycines* by the morphological differences in the vulva cone. However, because this trait could be variable and subjective according to the growth environment or the study, further research of a qPCR assay with species-specific primers will be necessary to be able to rapidly distinguish *H. sojae* from *H. glycines*.
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![Selected sequence from 20 *Heterodera* species to design the species-specific primer set for *Heterodera glycines* (blue line box). (A) Forward primer sequence. (B) Reverse primer sequence.](ppj-35-654f1){#f1-ppj-35-654}

![The melting curve of quantitative PCR with species-specific primers for *Heterodera glycines*. A peak was showed at 76°C. *H. glycines*: 392, 100, 310; *H. schachtii*: 147, 408, 166, 503; *H. trifolii*: 137, 524, 059; *H. sojae*: 753, 320, 407.\
NTC, non-target control.](ppj-35-654f2){#f2-ppj-35-654}

![Electrophoresis result of the qPCR products of four *Heterodera* species. M, 100 bp DNA ladder (Bioneer, Daejeon, Korea); NTC, non-target control.Z](ppj-35-654f3){#f3-ppj-35-654}

![Melting curve (A) and standard curve (B) of sensitivity test using quantitative PCR assay with the primer set (HGF1 and HGR1).\
SYBR fluorescent signal was not detected in the reaction containing 1 pg of *H. glycines* DNA.](ppj-35-654f4){#f4-ppj-35-654}

![The result of the quantitative PCR assay using DNA extracted from a single second-stage juvenile (J2) of *H. glycines* (code: 100). Melting curves of single cyst and single J2 peaked at 76°C. NTC, non-target control. Six biological replicates of this assay were performed.](ppj-35-654f5){#f5-ppj-35-654}

###### 

Population of *Heterodera* species used in this study

  Species            Code   Source             Accession no. (Loci)   Study
  ------------------ ------ ------------------ ---------------------- ---------------
  *H. glycines*      392    Jeongseon, Korea   MK621906 (*CO*I)       qPCR
  *H. glycines*      100    Taean, Korea       MK621907 (*CO*I)       qPCR
  *H. glycines*      310    Cheonan, Korea     MK621905 (*CO*I)       qPCR
  *H. schachtii*     147    NAS                MF043911 (*CO*I)       qPCR
  *H. schachtii*     408    NAS                KY775597 (*CO*I)       qPCR
  *H. schachtii*     166    Jeongseon, Korea   MK621901 (*CO*I)       qPCR
  *H. trifolii*      137    Taebaek, Korea     MK621902 (*CO*I)       qPCR
  *H. trifolii*      524    Taebaek, Korea     MK621903 (*CO*I)       qPCR
  *H. trifolii*      059    Taebaek, Korea     MK621904 (*CO*I)       qPCR
  *H. sojae*         753    Mooan, Korea       MK621908 (*CO*I)       qPCR
  *H. sojae*         320    Sejong, Korea      MK621909 (*CO*I)       qPCR
  *H. sojae*         407    Seosan, Korea      MK621910 (*CO*I)       qPCR
  *H. glycines*      \-     NCBI, USA          HM462017 (*CO*I)       Primer design
  *H. glycines*      \-     NCBI, USA          HM640930 (*CO*I)       Primer design
  *H. glycines*      \-     NCBI, Iran         KC172914 (*CO*I)       Primer design
  *H. glycines*      \-     NCBI, Japan        LC208713 (*CO*I)       Primer design
  *H. glycines*      \-     NCBI               LC208714 (*CO*I)       Primer design
  *H. aucklandica*   \-     NCBI               MG523086 (*CO*I)       Primer design
  *H. australis*     \-     NCBI               MG523101 (*CO*I)       Primer design
  *H. avenae*        \-     NCBI               KC172909 (*CO*I)       Primer design
  *H. ciceri*        \-     NCBI, Syria        KC172919 (*CO*I)       Primer design
  *H. daverti*       \-     NCBI, Germany      KT163236 (*CO*I)       Primer design
  *H. elachista*     \-     NCBI               KC618473 (*CO*I)       Primer design
  *H. filipjevi*     \-     NCBI               KC172911 (*CO*I)       Primer design
  *H. hordecalis*    \-     NCBI               MG523145 (*CO*I)       Primer design
  *H. latipons*      \-     NCBI               MG523117 (*CO*I)       Primer design
  *H. mani*          \-     NCBI               MG523095 (*CO*I)       Primer design
  *H. pratensis*     \-     NCBI               KU147194 (*CO*I)       Primer design
  *H. schachtii*     \-     NCBI, Netherland   LC208708 (*CO*I)       Primer design
  *H. sturhani*      \-     NCBI               KU147196 (*CO*I)       Primer design
  *H. trifolii*      \-     NCBI, Japan        LC208699 (*CO*I)       Primer design
  *H. ustinovi*      \-     NCBI               MG523092 (*CO*I)       Primer design

qPCR, quantitative PCR; NAS, National Institute of Agricultural Sciences; NCBI, National Center for Biotechnology Information.
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